In this study, cup-shaped copper sheets were developed to improve heat dispassion for high-power light emitting diodes (LEDs) array module (3 × 3, 4 × 4, and 5 × 5) using an electroplating technique. The cupshaped copper sheets were directly contacted with sapphire to enhance the heat dissipation of the chip itself. The lateral emitting light extraction and heat dissipation of high-power LEDs were enhanced and efficient. The surface temperature was not only decreasing but also uniform for each LED chip with the cup-shaped copper heat spreader adoption. The high thermal transmitting performance of cup-shaped copper heat spreader allows thermal resistance reducing 0.7, 0.6, and 0.7 K/W of 3 × 3, 4 × 4, and 5 × 5 LED array module, respectively. In addition, the light output power was increased of 14, 13, and 12% with 3 × 3, 4 × 4, and 5 × 5 LEDs array module using cup-shaped copper sheet at high current injection. High heat dissipation performance and light extraction were obtained by cup-shaped copper sheet with copper bulk and silver mirror. 
Introduction
Recently, the applications of high-power LEDs (HP LEDs) have attracted more attentions due to the efficiency increasing of GaN light emitting diodes (LEDs) [1] [2] [3] . Nevertheless, wallplug efficiency for HP GaN-LEDs with sapphire substrate is about 40% at 350 mA injection, meaning that there is 60% power energy transferred into heat. Moreover, it is necessary to package the multi-chip HP LEDs into the light engine with die bonding. Traditionally, the multi-chips LED package is always used in pick and place technology and put one die on the metal-core printed circuit board (MCPCB) per one time [4, 5] . There are many disadvantages for this kind of package. For example, the chip contacting heat sink (MCPCB) is by die paste (it is silver paste) and the contact area is only the chip area. This will limit thermal dissipation due to the low thermal dissipation of sapphire substrate and silver paste. If the thermal paste cannot offer thermal conductivity, the heat will be accumulated in the HP LEDs during the operation, which results in the thermal running and reducing the output power and life of multi-chip HP LEDs. Moreover, the distance between the chips cannot be near each other. One reason is the limitation of the pick and place machine. The other reason is the light emitting from the sides of the LED is easily absorbed by the surrounding chips. Theoretically, the light can be reflected in a normal direction if the distance between the chips is distant. Nevertheless, the light emitted from the sides of the LED remains low due to the low reflectivity of MCPCB. In our previous study, the sapphire-based GaN LED with a cupshaped copper (Cu) heat spreader was useful to enhance thermal extraction from sapphirebased LEDs. This occurs to avoid directly attaching the bare chip to MCPCB as well as the cup-shaped Cu enhances the light refection to the top surface. In this paper, the embedded reflective heat spreaders technology for the multi-chips HP LEDs with 3 × 3, 4 × 4, and 5 × 5 arrays will be developed. The output power, surface temperature, and thermal resistance for multi-chip LED arrays with and without embedded reflective heat spreaders are discussed in this paper.
Experimental
The InGaN LEDs (λp = 455 nm) were grown by metal organic chemical vapor deposition on (0001) sapphire substrates. The structure consisted of a 30 nm-thick low-temperature GaN buffer layer, a 1.5 µm thick undoped GaN layer, a 3 µm-thick Si-doped GaN layer, InGaN/GaN multiple quantum well (MQW) stack, and a 0.3 µm-thick Mg-doped GaN layer.
For the device process, one LED chip was defined with the size of 45 mil × 45 mil. Figure 1 shows the schematic diagram of the LED array module package fabrication processes. The LED array modules fabrication with copper electroplating technique and selfaligned lithography were adopted. We used a schematic fabrication process as follows. First ( Fig. 1(a) ), photoresist (PR) is coated on glass substrate, and the chips are placed on the glass, then soft baked at 80°C for 45 min. Second, shown in Fig. 1(b) , the Ag/Cr/Au mirror films are deposited onto the PR area and backside of the sapphire substrate using thermal evaporation. Third, shown in Fig. 1(c) , the copper cup-shaped is fabricated using electroplating. Finally, shown in Fig. 1(d) , removal of the acrylic PR was performed by immersion in acetone and a cup-shaped copper heat spreader covered with the Ag reflector was obtained successfully [6] [7] [8] . The 3 × 3, 4 × 4, and 5 × 5 LEDs array modules are fabricated with the heat, electrical, and optical discussed. Figure 2 shows the products of LED arrays with cup-shaped copper heat spreader mounted on MCPCBs by AgSnCu solder with and without current injection.
Current-voltage (I-V) characteristics for LEDs were measured at room temperature using an Agilent 4155B semiconductor parameter analyzer. The light output power of an LED was measured by integrating sphere detectors (CAS 140B, Instrument Systems). Thermal infrared image was recorded after the device in thermal equilibrium to evaluate the thermal properties of LEDs. A T3Ster Master system was used to measure the total thermal resistance of an LED based on thermal transient analysis. 
Results and discussion
Thermal resistance analysis is a straightforward method to evaluate the thermal performance of LEDs. Cumulative structure functions are graphic representations of one-dimensional equivalent thermal resistance-capacity networks of the measured system. Thus, capacity and thermal resistance values that belong to the heat conduction path from the LED junction-todie attach to the heat sink and are directly indicated [9, 10] . Figure 3 shows the measurement results of thermal resistance of 3 × 3, 4 × 4, and 5 × 5 LEDs arrays under each chip being injected with 350 mA. From our measurements, the forward voltages (@ 350 mA) of one LED chip with original structure and cup-shaped copper heat spreader were 3.72 and 3.7 V, respectively. For the 3 × 3, 4 × 4 and 5 × 5 LED arrays with original structure, the forward voltages (@ 350 mA) were 11.3, 14.8, and 18.5 V, respectively. Further measurements for LED arrays with cup-shaped copper heat spreader, the forward voltages (@ 350 mA) were measured to be 11.1, 14.6 and 18 V for 3 × 3, 4 × 4 and 5 × 5 LED arrays, respectively. The thermal resistances of 3 × 3 LED arrays with and without cup-shaped copper were 1.8 and 2.5 K/W, respectively, (Fig. 3(a) ). Thermal resistance was decreased 0.7 K/W for the 3 × 3 LED arrays with cup-shaped copper heat spreader. Our results have indicated that the copper spreader is useful in thermal resistance reduction of array LEDs. Moreover, thermal resistances of 4 × 4 and 5 × 5 LEDs array with cup-shaped copper heat spreader were 1.4 and 0.6 K/W, respectively, (Figs. 3(b) and 3(c) ). There were also approximately 0.6 and 0.7 K/W improvements as compared with the 4 × 4 and 5 × 5 LEDs arrays without cup-shaped copper heat spreaders. Moreover, it is noteworthy that thermal resistance decreased as LED arrays increased. The more LEDs arrays present, the better the heat dissipation will be because of the large thermal spreader area. Figure 4 is the surface temperature distribution of 3 × 3 LEDs (@ 350 mA) with and without the copper heat spreader. The highest temperatures were 64.2 °C and 87.8 °C of LED chips with and without the cup-shaped copper heat spreader at same injection current, respectively. Obviously, the LEDs with cup-shaped copper heat spreaders provide better thermal dissipation. Moreover, the temperature distribution of LED arrays without cupshaped copper heat spreaders present non-uniform and the heat accumulates surrounding each chip (Fig. 4(a) ). Normally, the thermal dissipation path of the LED arrays (resulting from junction temperature) is through the sapphire substrate, solder between LED chips, and MCPCB substrate for the LED arrays for the original package structure. The bottleneck for thermal dissipation is the sapphire substrate and the solder. Moreover, the thickness of solder cannot be easily controlled the same for each chip during the die bonding. Thus, heat will be concentrated in the sapphire substrate. The surface temperature distribution becomes nonuniform. Conversely, the surface temperature distribution of the LED arrays with cup-shaped copper heat spreaders is uniform (Fig. 4(b) ). The heat generating from LEDs can be lateral thermal spreading to the copper and dissipated to MCPCB via solder because of the perfect thermal conduction and large heat capacity of copper. This contributes to the reliability improvement for LED array modules operating under high current injection [9, 11] . Figure 5 shows the output power and light efficiency of LED arrays with and without cupshaped copper heat spreaders as a function of total injection current. The output power of 3 × 3 LED array modules with cup-shaped copper heat spreaders (4.1 W @ 1.05 A) was higher than original package structure (3.6 W @ 1.05 A) as shown in Fig. 5(a) . A power efficiency of 33.9% for 3 × 3 LED arrays at 1.05 A was obtained with the cup-shaped copper heat spreader. In general lighting applications, a large area and high current injection for multichips LED arrays is required. Thus, the 4 × 4 and 5 × 5 LED arrays were developed. Figures 5(b) and 5(c) show the output power and power efficiency. The power efficiency is decreased with the current injection increased. However, the power efficiency of 4 × 4 and 5 × 5 LED arrays remained at 35 and 34.6% at 1.4 and 1.75 A with current injection, respectively. The obvious power enhancement was attributed to the cup-shaped copper heat spreader with high thermal conductivities and light reflection. The light emitted from the edge of the LEDs is reflected via the Ag mirror. This results in the improvement of output power and power efficiency [7] .
Determination for the thermal resistance (R th ) of LED chip can be calculated by using the equation of R th = ∆T/(P e -P op ) [12] , where ∆T is the difference between junction temperature and room temperature defined as 25 °C, P e is the input power, and P op is the output power. We can apply the R th , P e and P op to obtain the ∆T values of LED chips. For the 3 × 3 LED arrays with original structure and cup-shaped copper heat spreader, the P e values (@ 350 mA) were about 11.9 and 11.7 W, respectively by using P e = 3 × 0.35 × V f . The P op values were measured to be as 3.6 and 4.1 W for the LED chips with original structure and cup-shaped copper heat spreader, while the R th were 2.5 and 1.8 K/W (as shown in Fig. 3(a) ), respectively. The corresponding ∆T values were calculated as 20.8 and 13.7 °C, respectively. Furthermore, the junction temperatures of LED chips with original structure and cup-shaped copper heat spreader were determined to be 45.8 and 38.7 °C, respectively. It was found that the temperatures and temperature difference obtained by calculating were all lower than those by measuring, as shown in Fig. 4 . As we known, the R th measurement is transient because of the fast heat dissipation (around microseconds) through the T3Ster cooling system. However, the surface temperature is measured by thermal equilibrium, resulting in the thermal accumulation. Therefore, it leads to the higher surface temperature measured by thermal infrared image than the junction temperature obtained by R th . Actually, the similar results in our previous research [13] were observed for single chip LED. Nevertheless, the R th and surface temperature has the same tendency.
As mentioned above, the total thermal resistance of LEDs with copper substrate is effectively reduced. This contributes to lowering the junction temperature of the LEDs. The output power of a LED strongly relates to carrier confinement in the quantum wells. As chip temperature increases, carrier confinement in quantum wells becomes less efficient, leading to deterioration in output power [14, 15] . In this study, the LED arrays with copper substrate effectively suppress as the junction temperature increases. 
Conclusion
The direct-electroformed copper heat spreader is proposed to fabricate array LED modules. The improvement of thermal management and optical performance are reported. The heat generation of array LEDs was efficiently extracted with cup-shaped copper heat spreader. The additional optical property allows the realization of reflected LED lateral emission in an inexpensive and mass-production method with an Ag mirror for cup-shaped copper heat spreader. The fine behavior of thermal characteristics of surface temperature and thermal resistance is demonstrated with the cup-shaped copper heat spreader adoption. The cupshaped copper package structure is a useful method to fabricate large LED array modules in general lighting.
